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Summary
D-glutamate is an essential building block of the pep-
tidoglycan layer in bacterial cell walls and can be syn-
thesized from L-glutamate by glutamate racemase
(RacE). The structure of a complex of B. subtilis
RacE with D-glutamate reveals that the glutamate is
buried in a deep pocket, whose formation at the inter-
face of the enzyme’s two domains involves a large-
scale conformational rearrangement. These domains
are related by pseudo-2-fold symmetry, which super-
imposes the two catalytic cysteine residues, which
are located at equivalent positions on either side of
the a carbon of the substrate. The structural similarity
of these two domains suggests that the racemase ac-
tivity of RacE arose as a result of gene duplication.
The structure of the complex is dramatically different
from that proposed previously and provides new in-
sights into the RacE mechanism and an explanation
for the potency of a family of RacE inhibitors, which
have been developed as novel antibiotics.
Introduction
The steady erosion in the effectiveness of current antibi-
otics is a major public health concern and has high-
lighted the need for the development of novel therapeu-
tics in this area (Levy, 1998). As a contribution to the
rational design of such agents, we have been engaged
in the structural analysis of the protein products derived
from the set of essential bacterial genes from B. subtilis
(Kobayashi et al., 2003) in order to provide a toolkit for
the discovery of novel antibiotics. One such essential
pathway is that responsible for the biosynthesis of com-
ponents of the bacterial cell wall, which has long been
accepted as a target for antibiotic action (Bugg and
Walsh, 1992; Chu et al., 1996; de Dios et al., 2002).
D-amino acids are important components of the pep-
tidoglycan layer in bacterial cell walls, where their pres-
ence is thought to protect the bacterial cell from the ac-
tion of proteases (Walsh, 1989). In bacteria, D-glutamate
(D-Glu) can be produced from L-glutamate (L-Glu) by the
action of glutamate racemase (RacE, MurI, E.C.5.1.1.3)
(Glavas and Tanner, 2001), an enzyme that belongs to
a small family of amino acid racemases and epimerases
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1These authors contributed equally to this work.that operate in a cofactor-independent fashion and that
includes proline racemase, aspartate racemase, and di-
aminopimelate epimerase. In Streptococcus pneumo-
niae (Baltz et al., 1999), Escherichia coli (Doublet et al.,
1992, 1993), Staphylococcus haemolyticus (Pucci et al.,
1995), and Bacillus subtilis (Kobayashi et al., 2003), the
presence of a functional RacE has been shown to be es-
sential for cell viability and suggests that this enzyme
forms a possible target for the development of antibacte-
rial agents. Moreover, since D-Glu is not normally found
in mammalian hosts, drugs based on a D-Glu framework
might be expected to have low toxicity (Bugg and Walsh,
1992; Walsh, 1989). Recently the first potent inhibitors
of RacE, a series of D-substituted amino acids, showing
whole-cell antibacterial activity, have been described
(de Dios et al., 2002).
The structure ofAquifex pyrophilusRacE provided the
first insights into the structure/function relationships of
this enzyme (Hwang et al., 1999) and led to the recogni-
tion that its fold could be divided into two domains, with
the active site lying at the interface between them. Bio-
chemical and structural studies have led to the sug-
gestion that catalysis by glutamate racemase uses a
‘‘two-base’’ mechanism involving deprotonation of the
substrate at the a position to form an anionic intermedi-
ate, followed by reprotonation in the opposite stereo-
chemical sense (Glavas and Tanner, 2001). However, a
full understanding of the properties of RacE is currently
limited by an incomplete description of the mode of
substrate binding. In this paper, we report the three-
dimensional structure of B. subtilis RacE complexed
with substrate to reveal the molecular basis of glutamate
specificity. Analysis of the structure has provided in-
sights into conformational changes, which accompany
substrate binding and catalysis, into the exploitation
of this enzyme as a target for the development of anti-
infective agents and to sequence changes that could
lead to the acquisition of drug resistance by bacteria.
Results and Discussion
Overall Fold and Quaternary Structure
The structure of RacE was solved by MAD techniques to
2.4 A˚ resolution and was subsequently refined against
data to 1.75 A˚ resolution. The B. subtilis RacE subunit
has approximate dimensions of 353 403 50 A˚ and con-
sists of a single polypeptide chain of 272 residues (Fig-
ure 1) composed of 10 b strands (b1–b10, 66 residues),
10 a helices (a1–a10, 133 residues), and a number of
loops, which together fold into 2 domains (domain I, res-
idues 1–96 and 209–272; domain II, residues 97–208)
that enclose a deep pocket that contains the active
site (Figures 2A and 2B). Analysis of the similarity of
the 3D structure of B. subtilis RacE with proteins in the
January 2004 release of the RCSB by using the DALI
search routine (Holm and Sander, 1995) showed that
the most significant similarities are to the homologous
enzyme, MurI, from Aquifex pyrophilus (28% sequence
identity, 1B73) (Hwang et al., 1999) and to Pyrococcus
horikoshii OT3 aspartate racemase (1JFL) (Liu et al.,
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1708Figure 1. A Structure-Based Sequence Alignment of B. subtilis, S. pneumoniae, S. aureus, and A. pyrophilus Glutamate Racemases
B. subtilis, BS;S. pneumoniae, SP;S. aureus, SA; andA. pyrophilus, AP. The aligned sequence forP. horikoshii (PH) aspartate racemase (AspR) is
shown on the bottom. The position of the helices and b strands in B. subtilis RacE and P. horikoshii AspR are shown as cylinders and arrows,
respectively, above and below the sequences. In B. subtilis RacE, a3 and a5 are shown as a single, but broken, helix. Residues that are strongly
conserved in RacE (defined as identical in 13/14 sequences across a wider sequence alignment) are shaded, and the catalytic cysteines are high-
lighted in reverse type. The numbers above the sequence refer to those of B. subtilis RacE.2002). These similarities encompass the majority of the
fold and the spatial organization of both domains of
the enzyme (Figure 2C). Superposition of B. subtilis
RacE and Aquifex MurI reveals that the rms deviation
between equivalent Ca atoms of each of the domains
is 1.2 A˚ (121 atoms) and 1.1 A˚ (66 atoms), respectively.
MurI from Aquifex pyrophilus (Hwang et al., 1999) and
E. coli (Yoshimura et al., 1993) has been reported to be
dimeric, while the Lactobacillus enzyme has been pro-
posed to be monomeric (Gallo and Knowles, 1993).
Gel-filtration studies on B. subtilis RacE suggest that
the quaternary structure of this enzyme is in equilibrium
between a monomer for the free enzyme and a dimer in
the presence of either enantiomer of glutamate or gluta-
mine (Taal et al., 2004). In the crystal structure of B. sub-
tilis RacE, the three subunits in the asymmetric unit can
be seen to be related by a number of distinct crystallo-
graphic and noncrystallographic 2-fold axes of symme-
try. The relationship of subunit B to its symmetry-related
mate, B0, around the crystallographic 2-fold axis is iden-
tical to that between subunits A and C around a noncrys-
tallographic 2-fold axis and involves contacts between
helices a4 and a9 from one monomer with their symme-try-related partners to create an interface of mixed hy-
drophobic and hydrophilic character (Figure 2B). Over-
all, 1300 A˚2 (solvent-accessible areas are quoted to the
nearest 50 A˚2) of each monomer (11%) is buried at the di-
mer interface, a value that lies within the range (6.5%–
29.4%) observed for other dimeric proteins (Jones and
Thornton, 1995). In addition to this type of 2-fold interac-
tion, subunits A and B are also related by a pseudo-2-
fold axis that is superficially similar to that seen in the
proposed dimer of the A. pyrophilus enzyme. However,
the interactions differ in detail, and, furthermore, no
equivalent interaction can be seen for subunit C, sug-
gesting that the AC (or BB0) interface represents the bi-
ological dimer and that the AB interface may be an arti-
fact of crystallization (Figure 2C). Interestingly, the mode
of dimerization of AspR appears to be distinct from
RacE (Figure 2C), suggesting that the quaternary struc-
ture seen in this family is variable.
At an early stage of the refinement of the structure, the
electron density map revealed an additional feature lying
in a deep pocket between the enzyme’s two domains
that could not be accounted for by the protein. Despite
the fact that the crystals were grown in the presence
B. subtilis Glutamate Racemase Crystal Structure
1709Figure 2. Structure/Function Relationships of B. subtilis RacE
(A) The topology of the secondary structure elements of B. subtilis RacE. b strands are represented by arrows, and a helices lying above and
below the plane of the b sheet are shown as unshaded and shaded cylinders, respectively. The approximate position of the pseudo-2-fold
axis that relates the enzyme’s two domains is shown by the diad.
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1710of L-Glu, the shape of the electron density was consis-
tent with its unambiguous assignment as D-Glu (Figure
2D). The presence of D-Glu in the crystal structure is
consistent with the rapid formation of a racemic mixture
of L- and D-Glu by the enzyme under the conditions of
crystallization.
Comparison of the two domains of RacE reveals sig-
nificant structural similarity between them (rms deviation
of 1.5 A˚ between 51 equivalent Ca atoms, Figure 2E)
despite a low level of sequence similarity (14%). This
similarity makes strands b1-b2-b3-b4 and helices a1-
a2-a3-a9 in domain I equivalent with counterparts b5-
b6-b7-b8 and a5-a7-a8-a4 from domain II (Figure 2E).
Further comparison reveals that these domains are re-
lated by a pseudo-2-fold axis that passes approximately
through the Ca atom of the glutamate and also super-
imposes the catalytically important cysteine residues,
which flank the substrate in the active site (Figure 2E).
Comparison of the 3D structure of either of the individ-
ual domains of RacE with proteins in the RCSB revealed
similarities to the tryptic core fragment of the lactose
repressor (1TLF), to succinyl-CoA ligase (2SCU), to
D-ribose binding protein (2DRI), and to the metabotropic
glutamate receptor (1EWK). All of these proteins are
composed of two similar domains whose structures re-
semble either of the domains of RacE, but which are ar-
ranged in different relative orientations. A detailed com-
parison of the structure of the glutamate complex of
RacE with the complex of the glutamate receptor with
glutamate reveals that, while their overall structures
are similar, the detailed interactions of the respective
substrates are different and the residues that form the
substrate binding pockets arise from different elements
of secondary structure.
The Active Site of RacE
In B. subtilis RacE, D-Glu can be seen to bind in a par-
tially extended conformation (average c1 = 70º; c2 = 55º;
c3 = 70º) in a deep cleft between the enzyme’s two do-
mains. The glutamate binding pocket is formed by resi-
dues from the b1-a1, b2-a2, and b3-a3 loops from do-
main I together with their counterparts from domain II
(b5-a5, b6-a6, and b7-a8) (Figure 2F). Across the aligned
sequences of RacE from diverse species (data not
shown), 42 residues are strongly conserved (defined
as identical in 9/10 sequences) (Figure 1). Of the 14
residues that lie within 4 A˚ of the glutamate substrate
(Asp10, Ser11, Cys40, Pro41, Tyr42, Gly43, Cys74,Asn75, Thr76, Thr118, Val149, Cys185, Thr186, and
His187), 7 residues are strictly conserved, 2 residues
(Gly43 and Val149) are conserved in 9 out of the 10 se-
quences, and Cys40 is conserved in only 5 out of the
10 sequences (data not shown).
The side chains of Asp10, Ser11, Cys74, Asn75, Thr76,
and Thr186; two enzyme bound water molecules; and
the main chain NH groups of Asn75, Thr76, and Thr186
are involved in stabilizing either the a carboxyl or the
a amino groups of D-Glu (Figure 2F). The oxygen atoms
of the side chain carboxyl group of the glutamate are
stabilized by hydrogen bonds involving Ser11, Tyr42,
Gly43, and a neighboring water molecule (Figure 2F).
Comparison of the structures of the three subunits in
the asymmetric unit of the crystal of the RacE/D-Glu bi-
nary complex shows that they adopt very similar confor-
mations, with an rms deviation between equivalent Ca
atoms in the core of the enzyme falling in the range of
0.3–0.4 A˚. This similarity includes the conservation of
the three water molecules involved in hydrogen bonding
interactions with the substrate. The only exception is
found in subunit ‘‘C,’’ where the conformation of the
loop between a6 and a7 (residues 154–161) is different,
with a maximal displacement between equivalent Ca
atoms of up to 12 A˚. While this region is part of the struc-
ture that appears to undergo substantial conformational
changes upon glutamate binding (see below), there are
no contacts with the substrate from residues in this
loop; the closest approach of any loop atom to the glu-
tamate being more than 14 A˚. The difference in confor-
mation is thought to be related to differences in crystal
contacts coupled with the inherent mobility of the loop.
Despite the sequence similarity at the active site,
a comparison of the structure of the A. pyrophilus
MurI/D-Glu complex with that of the B. subtilis RacE/
D-Glu complex reveals that, in addition to the dramati-
cally different mode of dimerization, there are also sig-
nificant differences in the relative orientation of the two
domains in these two enzymes; there is a maximum dis-
placement of approximately 13 A˚. This is consistent with
there being substantial reorganization of residues in the
active site region upon glutamate binding (Figure 2G).
Overall, the effect of the changes is to significantly alter
the positions of a6 and a7 and their connecting loop, a8,
and its loop to b7 and a10. The net effect of this confor-
mational change is to almost completely bury the sub-
strate from the solvent so that less than 1% of the gluta-
mate solvent-accessible area is exposed. In contrast,(B) A schematic diagram of the dimer ofB. subtilisRacE with helices and strands in one subunit numbered and colored red and blue, respectively,
and the 2-fold-related subunit colored green. The position of the bound glutamate is shown in CPK format.
(C) A schematic diagram illustrating the different modes of dimerization of B. subtilis RacE (green), A. pyrophilus MurI (blue), and P. horikoshii
AspR (red). One subunit of each enzyme was superimposed to reveal the different position of the 2-fold-related subunits.
(D) A stereodiagram of the final 2Fo 2 Fc map calculated at 1.75 A˚ and showing the location of the enzyme bound D-Glu.
(E) The two domains of RacE are shown superimposed (domain I in bronze with red glutamate and domain II in green with green glutamate) in
a schematic diagram that also shows the relative position of the glutamate moiety (stick format) with respect to the catalytic cysteines.
(F) A stereodiagram of the substrate binding site in the RacE/D-Glu binary complex. Residues that lie close to the D-Glu are shown in a ball-and-
stick format. The path of the protein chain is shown as a worm. Red spheres show water molecules. Hydrogen bond contacts made between the
D-Glu and either the enzyme or enzyme bound waters are shown as dotted lines.
(G) A schematic stereorepresentation of the superposed structures of theB. subtilisRacE/glutamate complex (green) and theA. pyrophilusMurI/
glutamine complex (blue). The elements of secondary structure in the B. subtilis enzyme are identified. The position of the bound glutamate in
B. subtilis RacE is shown in CPK format, and the structural changes that accompany substrate binding can be seen.
(H) Stereodiagram indicating the modeled positions of the 4S and 4R isomers of 4-substituted D-glutamic acid inhibitors of RacE. The hydro-
phobic substituent in the 4S isomer (labeled) can be seen to lie in a pocket bounded by a cluster of largely hydrophobic side chains. The entrance
to the pocket is partially occluded by Val149. The position of the hydrophobic substituent in the 4R isomer is such that it appears to form adverse
contacts with the side chains of Cys40 and Glu153.
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1711the glutamine in the A. pyrophilus structure is signifi-
cantly more exposed to the solvent (27%). In the struc-
ture of A. pyrophilus MurI, the recognition site for gluta-
mine is proposed to be the same as the binding site for
glutamate (albeit with the orientation of the glutamate
reversed) and involves the formation of contacts across
two subunits that are related by a 2-fold axis that is not
observed inB. subtilisRacE. Our structure suggests that
the recognition pocket for the glutamate side chain in
theB. subtilis enzyme is totally different and does not re-
quire interactions with a symmetry-related molecule.
While the structure of the B. subtilis complex was
formed after cocrystallization, that of the A. pyrophilus
enzyme was formed by soaking the crystals in gluta-
mine, a process that was reported to be accompanied
by no conformational changes to the enzyme. On the ba-
sis of the results reported here, we suggest that the
structure ofA.pyrophilusMurI represents a noncatalytic,
open form of the enzyme compared to the closed form
seen in B. subtilis RacE, and that some of the contacts
formed by glutamine in the A. pyrophilus structure do
not reflect the binding site for glutamate, but rather re-
flect crystal contacts.
The putative catalytic residues Cys74 and Cys185 are
located at equivalent positions on the two domains of
RacE, with a 7.4 A˚ spacing between their respective sul-
fur atoms, closer than that seen in the structure of A. py-
rophilus MurI (7.7 A˚) or P. horikoshii AspR (9.7 A˚). More-
over, the a carbon of D-Glu lies almost exactly on the line
joining the two sulphurs at distances of 3.5 and 4.4 A˚ to
Cys74 and Cys185, respectively (Figure 2F). The sulfur
atom of Cys74 is in a favorable orientation to hydrogen
bond with the main chain nitrogen of Ala77 (3.1 A˚) and
is close to the side chain carboxyl of Asp10 (3.8 A˚) and
the side chain oxygens of the conserved residues
Ser11 (4.3 A˚) and Thr76 (4.4 A˚). The latter is one of a clus-
ter of three conserved threonines (including Thr118 and
Thr121) that interact closely with each other. The side
chain sulfur of Cys185 is stabilized by extensive interac-
tions with the aromatic ring of Tyr188, and it is in a favor-
able orientation to hydrogen bond to the main chain ni-
trogen of His187 (3.8 A˚). Additional stabilization may
involve long-range electrostatic interactions with the
side chain of His187 (4.2 A˚).
Comparison of the structure of RacE with aspartate
racemase (Liu et al., 2002) shows that they are similar
in the vicinity of the catalytic center. However, while in
RacE the recognition of the side chain of the glutamate
is via interactions with the atoms of the main chain of
the b2-a2 loop, in AspR the equivalent loop is more re-
mote. Modeling studies on AspR have suggested that
the side chain of a conserved arginine (Arg48) (Figure
1) is involved in recognition of the side chain of aspar-
tate, and we note that this residue is positioned in ap-
proximately the same location as the main chain of the
b2-a2 loop, which recognizes the side chain of the gluta-
mate substrate in RacE.
The Mechanism of RacE
Catalysis by the cofactor-independent amino acid race-
mases is thought to proceed through one of two mech-
anisms, which differ in the protonation states of the cat-
alytic bases prior to the initial deprotonation event. In
the first mechanism, a thiolate in the active site is pro-posed to remove the a proton to generate a resonance-
stabilized carbanionic intermediate, which would then
need to be stabilized by the enzyme. In the alternative
mechanism, it has been proposed that a neighboring
residue could assist in the deprotonation of glutamate
by participating in general base catalysis with a neutral
cysteine-thiol (Glavas and Tanner, 2001). Analysis of
the structure of RacE shows that the two conserved thiol
groups, Cys74 and Cys185, are close to the side chains
of Asp10 (3.9 A˚) and His187 (4.2 A˚), respectively. Further-
more, they are also in close proximity to the a carboxyl
(Cys74 and Cys185) and to the a amino and side chain
carboxyl (Cys74 only) of the glutamate substrate. Given
the close association of both of the cysteines to groups
that could function as base catalysts, we suggest that
the mechanism of RacE utilizes a neutral cysteine thiol.
This would account for the observation that the mutation
of either of the catalytic cysteines to serine results in the
retention of significant levels of activity (0.3% and 3%,
respectively) (Glavas and Tanner, 1999), since such a
mechanism would not require the enzyme to form a dis-
tinct alkoxide ion. However, the identification of the pre-
cise role of these groups in the activation of the cysteine
residues during the enzyme’s catalytic cycle requires
further analysis. Spatially, the a carbon of the glutamate
substrate and the sulfur atoms of Cys74 and Cys185 are
located approximately 4 A˚ from the N-terminal ends of
a3 and a8, respectively. Thus, any developing negative
charge generated during the enzyme’s catalytic cycle
could also be stabilized by the dipoles of these helices
(Hol et al., 1978).
The conformational changes seen between the struc-
tures ofA. pyrophilus andB. subtilisRacE involves a sig-
nificant repositioning of two conserved residues, Glu153
and His187 (B. subtilis numbering), with the latter having
previously been strongly implicated in catalysis (Glavas
and Tanner, 2001). In the structure of A. pyrophilus
MurI, the side chain of the equivalent histidine (His180)
is more than 7 A˚ from the thiol of the closest cysteine,
Cys178 (Cys185 in B. subtilis RacE), and makes no con-
tact with the substrate. In the B. subtilis RacE structure,
the conformational changes result in the formation of a
water-mediated contact between the side chain of the
glutamate substrate and Glu153, which also simulta-
neously forms a hydrogen bond with His187, which, in
turn, is adjacent to Cys185. These observations would
appear to account for the 18-fold increase in Km for sub-
strate in a mutation of L. fermenti RacE, which replaces
the equivalent glutamate with glutamine, and for the ap-
proximate 103 reduction in Kcat upon replacement of the
equivalent histidine by asparagine (Glavas and Tanner,
2001).
Inhibitor Binding to RacE
The attractiveness of glutamate racemase as a target for
the development of antimicrobial agents has led to a
number of attempts to identify possible inhibitors (de
Dios et al., 2002; Tanner and Miao, 1994; Glavas and
Tanner, 1997). Examination of the binding site for D-Glu
suggests that the inhibitor aziridino-glutamate can be
bound in a closely related manner to that of the gluta-
mate, consistent with the view that inhibition is via the
alkylation of the catalytic cysteines (Tanner and Miao,
1994). In the case of inhibition by N-hydroxy glutamate
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that the hydroxyl group of the inhibitor could well be
bound in a position at which it might mimic Wat2, the en-
zyme bound water molecule that interacts with the glu-
tamate amino group.
Recent attempts to develop inhibitors of RacE have
resulted in the identification of a series of 4-substituted
D-glutamic acid analogs bearing aryl-, heteroaryl-, cin-
namyl-, or biaryl-methyl substituents as a novel class
of potent inhibitors (de Dios et al., 2002). Our modeling
studies with the structure of B. subtilis RacE suggest
that, while 4R substitution is disfavored because of ste-
ric clashes with Cys40 and Glu153 (Figure 2H), 4S sub-
stitution is less hindered, providing a possible molecular
explanation for the observed pattern of inhibition (Figure
2H). The structure suggests that the hydrophobic sub-
stituent can be accommodated in a hydrophobic pocket
formed by side chains of Pro41, Pro44, Thr118, and the
hydrophobic components of Gly117, Glu119, Pro146,
Val149, Pro150, and Tyr188. Inhibition studies clearly
show that S. pneumoniae RacE is potently inhibited by
a number of D-substituted glutamic acid analogs (for ex-
ample, 4-benzyl-D-glutamate) with IC50 values in the mi-
cromolar range (de Dios et al., 2002). Moreover, against
S. pneumoniae, these compounds have whole-cell anti-
bacterial minimum inhibitory concentration (MIC) of less
than 1 mg/ml (de Dios et al., 2002). In contrast, the MIC for
the growth of B. subtilis in the presence of 4-benzyl-D-
glutamate is greater than 250 mg/ml, and there is no de-
tectable inhibition of the B. subtilis enzyme at a 100 mM
concentration of this inhibitor. Interestingly, in B. subtilis
RacE, entrance to this hydrophobic pocket appears to
be partially blocked by the close approach of Val149
(Figure 2H). Moreover, examination of the aligned se-
quences for RacE reveals that, in S. aureus, which is
also resistant to this class of inhibitors (de Dios et al.,
2002), a similar residue is found at this position. In con-
trast, in S. pneumoniae MurI (de Dios et al., 2002), this
valine is replaced by alanine. We suggest that this sub-
stitution may be important in defining key interactions,
which are critical in drug binding, and that changes
to this residue could be crucial to the acquisition of
resistance.
Experimental Procedures
Crystallization Data Collection and Structure Determination
Selenomethionine-labeled RacE was prepared and crystallized in the
presence of L-Glu as previously described (Taal et al., 2004). Data
collection at cryogenic temperatures utilized crystals stabilized in
a solution containing the precipitant at an appropriate concentration,
15 mM L-Glu, and 20% (w/v) glycerol as a cryoprotectant. Crystals
were flash-frozen in a stream of nitrogen gas at 100 K by using an
Oxford Cryosystems Cryostream device. Multiple wavelength anom-
alous diffraction (MAD) data were collected to a maximum resolution
of 2.4 A˚ on beamline ID14-4 equipped with an ADSC Quantum 4 at the
European Synchrotron Radiation Facility (ESRF), Grenoble, France.
Three wavelengths were chosen near the selenium-absorption
edge based on an X-ray fluorescence scan of the frozen crystal in or-
der to maximize the f 0 0 component (l1, peak), to minimize the f 0 com-
ponent (l2, inflection), and to maximize Df
0 (l3, remote) (Taal et al.,
2004). The data for each wavelength were processed individually
and scaled in such a way as to preserve the anomalous signal by us-
ing the DENZO/SCALEPACK (Otwinowski and Minor, 1997) package
and were subsequently handled by using CCP4 (CCP4, 1994) and
CNS (Brunger et al., 1998) software.The MAD data were analyzed with XPREP, and the selenium sub-
structure was determined by using the ‘‘half-baked’’ approach as
implemented in SHELXD (Sheldrick, 1998). Selenium atom positions
were refined and preliminary phases were calculated at 2.4 A˚ reso-
lution by using MLPHARE (Otwinowski, 1991). Solvent flattening
was applied by using DM (Cowtan, 1994). An initial model was built
with TURBO-FRODO (Roussel and Cambillau, 1996) and Swiss-
PdbViewer (Guex and Peitsch, 1997). In order to refine the structure,
a data set to 1.75 A˚ resolution was collected on a Quantum4 CCD de-
tector at the SRS Daresbury Laboratory on station 14.1 from a crystal
of the RacE/D-Glu binary complex grown under similar conditions.
Structure Refinement
Refinement was performed with the CNS package and was moni-
tored manually with a random 5% of the data used for crossvalida-
tion. Model refinement employed the maximum likelihood target
function by using amplitudes, torsion angle molecular dynamics-
simulated annealing, and standard crystallographic residual target
function B factor refinement. Rebuilding was carried out with
TURBO-FRODO by using sA-weighted (2Fo2 Fc) and (Fo2 Fc) Fou-
rier maps. Data below 10.0 A˚ resolution were not used in the refine-
ment, and a correction for the disordered solvent continuum was ap-
plied (Jiang and Bru¨nger, 1994). Stereochemical constants for the
substrate were obtained from a protein crystallographic database
(Kleywegt and Jones, 1998), and force constants and charge distri-
butions were derived from those available within CNS (Parkinson
et al., 1996). Calculations of root mean square deviation (rmsd) of
bond length and bond angles, and solvent-accessible surface area
(rolling ball method with a probe radius of 1.4 A˚ [Lee and Richards,
1971]), were carried out by using the program CNS. Analysis of the
stereochemical quality of the models was accomplished by using
the program PROCHECK (Laskowski et al., 1993). In the final model,
one residue is missing from each of the three subunits in the asym-
metric unit (A11, B16, and C10). Data collection and refinement sta-
tistics are summarized in Table 1. The program Swiss-PdbViewer
was used for the superposition of the different structures and for
the sequence alignment. Figures were prepared with WebLabVie-
werPro4.0 and TURBO-FRODO.
Table 1. Data Collection and Refinement Statistics
Data Set RacE/D-Glu
Space group C2
Cell (A˚) a, b, c, bº 134.1, 60.3, 125.3, 117.3
Wavelength (A˚) 1.488
Resolution (A˚)a 10.0–(1.79) 1.75
Redundancy 2.1
Unique reflections 82,597
Completeness (%)b 97.0 (98.0)
Rmerge (%)
b,c 5.3 (39.0)
I/sIb 14.0 (1.9)
Rcryst (%)
d/Rfree (%)
e 17.9/23.7
Rmsd bond (A˚)/angle (º) 0.014/1.6
Ramachandran plotf 93.1/6.9/0.0/0.0
Number of protein/
substrate/water atoms
6,029/30/805
B values protein/
substrate/water (A˚2)g
38 (35)/35/46
a Numbers in parentheses indicate the low-resolution limit for the
highest-resolution shell.
b Numbers in parentheses indicate values for the highest-resolution
shell.
c Rmerge =
P
hkl
P
i jIiðhklÞ2<IðhklÞ>j=
P
hkl IiðhklÞ, where Ii(hkl) is the
ith intensity measurement of reflection hkl, including symmetry-
related reflections, and <I(hkl)> is its average.
d Rcryst =
P
hklðjFoj2 jFcjÞ=
P
hkl jFoj.
e Rfree was calculated on 5% of the data omitted randomly.
f Percentage of residues in most favored/additionally allowed/gen-
erously allowed/disallowed regions of the Ramachandran plot, re-
spectively, according to PROCHECK (Laskowski et al., 1993).
g Number in parentheses indicates the B factor for main chain atoms
only.
B. subtilis Glutamate Racemase Crystal Structure
1713Acknowledgments
This work was supported by the Biotechnology and Biological Sci-
ences Research Council (BBSRC). The Krebs Institute is a desig-
nated BBSRC Biomolecular Science Centre and a member of the
North of England Structural Biology Centre. We would like to thank
the support staff at the European Synchrotron Radiation Facility
and Daresbury laboratory for their assistance with station alignment
and the MAD data collection. M.A.T. is a BBSRC Cooperative
Awards in Science and Engineering student with Aventis Pharma.
Received: March 31, 2005
Revised: July 28, 2005
Accepted: July 29, 2005
Published: November 8, 2005
References
Baltz, R.H., Hoskins, J.A., Solenberg, P.J., and Treadway, P.J. No-
vember 1999. U.S. patent 5,981,281.
Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
Pannu, N.S., et al. (1998). Crystallography & NMR system: a new
software suite for macromolecular structure determination. Acta
Crystallogr. D Biol. Crystallogr. 54, 905–921.
Bugg, T.D.H., and Walsh, C.T. (1992). Intracellular steps of bacterial
cell wall peptidoglycan biosynthesis: enzymology, antibiotics, and
antibiotic resistance. Nat. Prod. Rep. 9, 199–215.
CCP4 (Collaborative Computational Project, Number 4) (1994). The
CCP4 suite: programs for protein crystallography. Acta Crystallogr
D Biol. Crystallogr. 50, 760–763.
Chu, D.T.W., Plattner, J.J., and Katz, L. (1996). New directions in an-
tibacterial research. J. Med. Chem. 39, 3853–3871.
Cowtan, K. (1994). ‘dm’: an automated procedure for phase im-
provement by density modification. Joint CCP4 Study Weekend
and ESF-EACBM Newsletter on Protein Crystallography 31, 34–38.
de Dios, A., Prieto, L., Martin, J.A., Rubio, A., Ezquerra, J., Tebbe, M.,
Lopez de Uralde, B., Martin, J., Sanchez, A., LeTourneau, D.L., et al.
(2002). 4-Substituted D-glutamic acid analogues: the first potent in-
hibitors of glutamate racemase (MurI) enzyme with antibacterial ac-
tivity. J. Med. Chem. 45, 4559–4570.
Doublet, P., van Heijenoort, J., and Mengin-Lecreulx, D. (1992). Iden-
tification of the Escherichia coli murI gene, which is required for the
biosynthesis of D-glutamic acid, a specific component of bacterial
peptidoglycan. J. Bacteriol. 174, 5772–5779.
Doublet, P., van Heijenoort, J., Bohin, J.P., and Mengin-Lecreulx, D.
(1993). The murI gene of Escherichia coli is an essential gene that
encodes a glutamate racemase activity. J. Bacteriol. 175, 2970–
2979.
Gallo, K.A., and Knowles, J.R. (1993). Purification, cloning, and co-
factor independence of glutamate racemase from Lactobacillus.
Biochemistry 32, 3981–3990.
Glavas, S., and Tanner, M.E. (1997). The inhibition of glutamate race-
mase by D-N-hydroxyglutamate. Bioorg. Med. Chem. Lett. 7, 2265–
2270.
Glavas, S., and Tanner, M.E. (1999). Catalytic acid/base residues of
glutamate racemase. Biochemistry 38, 4106–4113.
Glavas, S., and Tanner, M.E. (2001). Active site residues of glutamate
racemase. Biochemistry 40, 6199–6204.
Guex, N., and Peitsch, M.C. (1997). SWISS-MODEL and Swiss-
PdbViewer: an environment for comparative protein modeling. Elec-
trophoresis 18, 2714–2723.
Hol, W.G.J., van Duijnen, P.T., and Berendsen, H.J.C. (1978). The
a-helix dipole and the properties of proteins. Nature 273, 443–446.
Holm, L., and Sander, C. (1995). Dali: a network tool for protein struc-
ture comparison. Trends Biochem. Sci. 20, 478–480.
Hwang, K.Y., Cho, C.-S., Kim, S.S., Sung, H.-C., Yu, Y.G., and Cho, Y.
(1999). Structure and mechanism of glutamate racemase from Aqui-
fex pyrophilus. Nat. Struct. Biol. 6, 422–426.Jiang, J.-S., and Bru¨nger, A.T. (1994). Protein hydration observed by
X-ray diffraction: solvation properties of penicillopopsin and neur-
aminidase crystal structures. J. Mol. Biol. 243, 100–115.
Jones, S., and Thornton, J.M. (1995). Protein-protein interactions:
a review of protein dimer structures. Prog. Biophys. Mol. Biol. 63,
31–65.
Kleywegt, G.J., and Jones, T.A. (1998). Databases in protein crystal-
lography. Acta Crystallogr. D Biol. Crystallogr. 54, 1119–1131.
Kobayashi, K., Ehrlich, S.D., Albertini, A., Amati, G., Andersen, K.K.,
Arnaud, M., Asai, K., Ashikaga, S., Aymerich, S., Bessieres, P., et al.
(2003). Essential Bacillus subtilis genes. Proc. Natl. Acad. Sci. USA
100, 4678–4683.
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.
(1993). PROCHECK: a program to check the stereochemical quality
of protein structures. J. Appl. Crystallogr. 26, 283–291.
Lee, B., and Richards, F.M. (1971). The interpretation of protein
structures: estimation of static accessibility. J. Mol. Biol. 55, 379–
400.
Levy, S.B. (1998). The challenge of antibiotic resistance. Sci. Am.
278, 46–53.
Liu, L., Iwata, K., Kita, A., Kawarabayasi, Y., Yohda, M., and Miki, K.
(2002). Crystal structure of aspartate racemase fromPyrococcus ho-
rikoshii OT3 and its implications for molecular mechanism of PLP-
independent racemization. J. Mol. Biol. 319, 479–489.
Otwinowski, Z. (1991). Maximum likelihood refinement of heavy
atom parameters. In Isomorphous Replacement and Anomalous
Scattering, W. Wolf, P.R. Evans, and A.G.W. Leslie, eds. (Warrington,
UK: SERC Daresbury Laboratory), pp. 80–86.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Parkinson, G., Vojtechovsky, J., Clowney, L., Bru¨nger, A.T., and
Berman, H.M. (1996). New parameters for the refinement of nucleic
acid-containing structures. Acta Crystallogr. D Biol. Crystallogr. 52,
57–64.
Pucci, M.J., Thanassi, J.A., Ho, H.-T., Falk, P.J., and Dougherty, T.J.
(1995). Staphylococcus haemolyticus contains two D-glutamic acid
biosynthetic activities, a glutamate racemase and a D-amino acid
transaminase. J. Bacteriol. 177, 336–342.
Roussel, A., and Cambillau, C. (1996). TURBO-FRODO Manual (Mar-
seille, France: AFMB-CNRS).
Sheldrick, G.M. (1998). SHELX: applications to macromolecules. In
Direct Methods for Solving Macromolecular Structures, S. Fortier,
ed. (Dordrecht, The Netherlands: Kluwer Academic Publishers),
pp. 401–411.
Taal, M.A., Sedelnikova, S.E., Ruzheinikov, S.N., Baker, P.J., and
Rice, D.W. (2004). Expression, purification and preliminary X-ray
analysis of crystals of Bacillus subtilis glutamate racemase. Acta
Crystallogr. D Biol. Crystallogr. 60, 2031–2034.
Tanner, M.E., and Miao, S. (1994). The synthesis and stability of azir-
idino-glutamate, an irreversible inhibitor of glutamate racemase.
Tetrahedron Lett. 35, 4073–4076.
Walsh, C.T. (1989). Enzymes in the D-alanine branch of bacterial cell
wall peptidoglycan assembly. J. Biol. Chem. 264, 2393–2396.
Yoshimura, T., Ashiuchi, M., Esaki, N., Kobatake, C., Choi, S.Y., and
Soda, K. (1993). Expression of glr (murI, dga) gene encoding gluta-
mate racemase in Escherichia coli. J. Biol. Chem. 268, 24242–24246.
Accession Numbers
The coordinates of RacE in complex with D-Glu have been depos-
ited in the RCSB Protein Data Bank with ID code 1ZUW.
